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SUMMARY

A detailed description is given of a program which has been developed
to study analytically the performance of a UTYAS Implosion-Driven Shock
Tube. Some results of the computations are presented. These have been
checked experimentally using an existing 8 inch diameter implosion chamber
and a 5/16 inch diameter charnel. The experiment'.lly measured shock-wave
Mach numbers were much greater than anticipated from the computations. The
cause of the discrepencies is shown to be largely computational, and reco-
mmendations to improve the calculations are proposed. The experimentally
measured shock Mach numbers decrease quite rapidly in the 5/16 inch diameter
tube, as expectad. Nevertheless, it was possible to obtain a shock Mach
number M, T 40 in air using only a 600 psi 2H2 + 02 gaseous implosion driver.
Much higher shock Mach numbers are expected with a coupled PETN explosive
driver.
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1. INTRODUCTION

In order to overcome the current "performance barrier" of Hypervelocity
Launchers, Professor I. I. Glass proposed in 1959 the use of spherical, im-
ploding shock waves. Since then, the Institute for Aerospace Studies has been
actively engaged in this field 1. An Implosion-Driven Hypervelocity Launcher
has been designed and Fig.l illustrates schematically its principle of operation.
A model with an 8 inch dJameter hemispherical chamber has been built and
several experimental studies are going on. A numerical model has also been
developed and some previous investigations 2-3 have been concerned with the
computed performance and the optimization of this launcher.

The present preliminary study deals mainly with the computation of the

performance of an implosion-driven shock tube. The primiry aim was to study
analytically the limit of a launcher as the mass of the projectile goes to
zero. Such a study should enable us to place an upper limit on the projectile
velocities that could be attained with this type of hypervelocity launcher.
It was thought also, following the first results, that an implosion-driven
shock tube would be a good facility to obtain extremely high shock-wave Mach
numbers at relatively high channel pressures.

An analy-tical investigation is presented here and is followed by some
experimental results obtained in a 5/16 lach diameter channel (barrel) with an
8 inch diameter hemispherical chamber. This experimental work was aimed at
checking the results of the computations and to obtain an estimate of the
losses, as the numerical code is based on an inviscid, adiabatic flow field.

As it will be seen, the agreement between experimental and compated results
was found to be poor. The reasons for these differences are shown to result
from computational limitations and recommendations for future work on this
subject are given. The actual measured large shock wave attenuation (for
example, using a 600 psi 292 + 02 driver and a 5/16 inch diameter channel the

shock Mach number decreases Ms  - 40 to M. - 10 in 70 inches or AM, = 5/ft, se
Fig.21) can be attributed to viscous effects primarily, and will be investigated
in greater detail. The 5/16 inch diameter barrel is not a realistic shuck-tube
channel. As noted, it was used to check the limiting case of a massless pro-
jectile. In future, 1 inch diameter channels will also be utilized for this
study.

2. THEOREICAL CONSIDEUTIONS

In this section, a complete description of the program that has been used
in this study and its the.retical background are given. This code was developed
irdependently by Piacesi and Sevray . It has been used by Sevray to analyze
the operation of the UTIAS Hypervelocity Launcher and to optimize its perfor-
mance. It was also used with some modifications by Flaggn in order to design
a second generation launcher, UTIAS Implosion-Driven Hypervelocity Lunbhet .-
Mark II. Although these calculations have been very useful in predicting the
analytical performance of the launcher, the actual experimental performance
is only of the order of 40% of the ccmputed performance, consequently, it will
be necessary to take account of the effects of radiative, convective, ablative
and frictional losses to make the calculations more realistic.

For the present work, the code has ,len auopted to handle the shock tube



case essentially by adding a third region (Fig.2) in front of the diaphragm or
of the projectile, which also permits one to analyze theoretically the influence
of counterpressure on the velocity of the projectile.

2.1 Description of the Code

This numerical code, written in a Lagrangian form, is based upon the
artificial viscosity technique as established by von Neumann and Richtmyer 5
to handle shock-wave problems.

The system (Fig.2) is divided into three regions: the explosive PEN, the

gas mixture !!' + 0. and air, each having its own equation of state. Each
region is furt her divided into zones and mass points, containing one half the
mass of two adjacent zones are assumed to be at the interface of these zones.

2.1.1 Artificial Viscosity Technique

The artificial viscosity is a convenience first introduced by von Neumann
and Richtvqer for the numerical treatment of shock waves. Its effect is similar
to the effect of a real viscosity. It spreads a shock over a specified number
of zones and thus permits one to avoid the treatment of discontinuities runningthrough discrete mass points, which presents serious difficulties in a finite-

difference scheme. The spread of the shock can be chosen and held small by- the use
of proper constants. With the constants used in the present calculations, the
shock is actually spread over about 3 zones. The artificial viscosity is res-
tricted to a region which is being compressed and is zero elsewhere. The

original form proposed by von Neumann and Richtoyer was:

Q0 = v (1)

with OI
PO = initial density

V = specific volume

Ax = Zone width

C = constant, determining the spread of the shock
or its equivalent form

C 2 (2)

which is valid only for the planar case, where, u is the flow velocity.

Brode 6 proposed a more general form:

:1 C 2(61

where, 6 = 1 for a planer case, 6 = 2 for a cylindrical case and 6 = 3 for a
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spherical case; R is the distance from the origin,. and A m is the mass (per
steradian, mass/4r for 6 = 3; mass per radian unit length, mass/2r i for
6 = 2; mass per unit area, mass/A2 for 6 = 1). Brode's relation depends on
the geometry. Wilkins 7, on the other hand, gives the form corresponding to
6 = I as valid for the three geometries. This simpler form was used since a
different form of artificial viscosity in the chamber and in the barrel might
lead to difficulties, as one zone can be half in the chamber and half in the
barrel.

However, the use of the artificial viscosity techniques may be strongly
criticized as it is applied in the region near the origin. In a spherical
geometry, this technique is valid only as long as the shock thickness is small
compared with the radius of the shock and this is not the case near the origin.
From numerous check calculations (Figs. 3 and 4) it is shown that in the zone
located at the origin, the pressure due to artificial viscosity (Q) takes on
values much larger (up to about 10 times in some cases) than the flow pressure
calculated from the equation of state.

Normally, in a planer moving shock wave Q will be of the order of P. In
the center of the shock near the origin an additional compression due to the
geometry change and the process of reflection takes place, and consequently Q
will take on much higher values. It is in this region where the total pres-
sure (P + Q) is largely due to the contribution of the artificial viscosity,
that doubts arise whether the -omputation by using (P + Q) willgiv,, a reason-
able approximation of the correct pressure history that will act as the driving
pressure for the shock or on the projectible inside the barrel. A more detail-
ed study of the (method near the origin would be useful and should be done.

This does not seem to affect the x-t diagram of the reflection of the im-
ploding shock, but in all cases leads to erroneous values of the peSsure at-
the origin and consequently it will have some influence on the Mach number of
the shock, or on the velocity of the projectile in the barrel. For example,
from Fig.3 at x = 5 cm, and t = 45.29 P sec, P = 200 bars whereas P + Q = 680
bars, that is, the artificial viscosity pressure is over twice the actual
pressure. Consequently, the equations of motion will be affected. The de-
tailed plot shown in Fig.3, indicates that in thi range 50.-5: t < 58.0 P sec,
Q > P. Consequently, errors proportional to the magnitude of Q compared with
the true driving pressure, P, can be expected.

2.1.2 Mathematical Formulation of the Problem

This problem can be described in a Lagrangian form by a set of non-linear
partial differential equations expressing the equations of mass, momentum and
energy, as follows (Ref.6):

1 1Mass: v= V 1(6=lt293) (4)

Momentum: = - A (5)

Energy: -(p+q) (6)
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E = E(P,V) for gas mixture 2H2 + 02

Equations of state: P(E,V) for explosive P~rN (7)

= E(P,V) for air

The artificial-viscosity pressure, is restricted to compression only and is
expressed as:

(U 2c&x)2 if 6 <o (8)

0 o if > 0 (9)

where C is a constant which determines the spreading of the shock and is takei
as C = 3 for gases, hydrogen-oxygen mixture and air, and C = 4[1.5 for explosive
PF2N, which corresponds approximately to a spreading of 3 zones.

This set of non-linear, partial differential equations is then transformed
into a set of finite differences equations. The two independent variables,
time and distance are represented by N and J, corresponding to the number of
the cycle being calculated and the lebel assigned to a mass point. The equations
become:

Conservation of mass is assured since we chose a fixed number of mass
points.

_ 1A N
Momentum: DU (P+Q)j_1 (P-", I L AN (10)

Energy: N+l N N N+l N+j N+I N

EjI_ Ej . (Pj. + Pj__k )+ QJ Vj_;- VJ_1 (11)

N N N
State: E = E(Pj. , Vj_j ) for gas mixture 2H2 + 02 or air

N N N (12)

P 3  P(E .1 , Vj.j ) for expicisive PEIIN

Artificial viscosity: N-1 N+2
22 '-11 x PO if U < U

xJ NT J J-1 13(v J.1 + vj.
2 -

Q_ 1 0 if U > U
2 0J J-1

4



A r represents the area of a particular interface, where d is the acce-
leration of that interface. The constant C1 in the artificial viscosity is
labelled CQSQX in thy computer program (Appendix*B) and is related to C, the
usual constant, as C = C2/4 and mj is the mass of zone J. We note further
that the specific volume V in the computer program is normalized with respect
to the initial density.

It should be noted that this condition based on U to determine if a zone
is being compressed is only valid in a one.dimensional calculation and should
be replaced by a condition based on the specific volume which is valid in all
geometries (see equation 3). The solution is then obtained by a stepwise
progression in time from the acceleration of an interface based on the old value
of the pressure. The new -velocity and position of the interface can be cal-
culated. A new specific volume can then be calculated and finally a simul-
taneous solution of the energy equation and the equation of state yields the
new pressure and energy. The calculation can now be repeated for the next time
step, etc. Appendix B gives a complete listing and a flow chart of this code.

2.1.3 Stabi.*ity Requirements

The finite differences schemes are subject to mathematical restrictiuns
which limit the size of time increments that can be taken without the appear-
ance of instabilities. In the actual problem, we have two stability conditions:

a) Courant Condition: This condition, which is very general, states only
that the time increment At must be small enough that sound signals from
one mass point will not have time to reach the next mass point during
this time step, Ax

c (14)

where, c is the speed of sound in the zone and Ax its length. Appendix
A gives the detailed relations used for the calculation of the speed of

sound in the various regions.

b) Artificial Viscosit Condition In the region of compression, where the
artificial-viscosity pressure has a value, the form of the differential

equations changes from a wave equation to a diffusion type equation. It
is shown in Ref,6 that two successive time steps must obey the following
relation:

*~~ 2 t+<1 (15)"N t --
VJ1

2.2 Problem of Zoning:

The problem of zonILg was previously found 2 as one of the most important
difficulties of this code and has not yet been solved completely satisfactorily,
as a compromise is necessary between the length of computing time, and the
precision required. This problem involves in fact a lot of other side proDlems:
the transition between the hemispherical geometry of the chamber and the planar
geometry of the barrel; the expansion of the zones as they enter the barrel
resulting in extremely long zones; the computing time which already approaches
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10 minutes on the IBM 7094 computer in most calcuLations for the shock tube

case. Any refinement in zoning will increase this time considerably,

2.2.1 Initial Zoning

We shall first review the requirements for proper zoning. Proper zoning
must lead to a solution of the finite differences equations which is stable
and without oscillations in the values of the different physical variables.
This solution must be independent of the number of zones used in the compu-
tation or at least lead to asymptotic values as the number of zones is increased
This asymptotic solution should be obtained with a reasonable number of zones
in order to limit the computing time. Finally, this solution should provide
a proper description of the phenomena, particularly of the flow in the barrel.
This effect on the propagatio4 of a shock has been studied recently with this
code by changing the initial zoning which will help us to understand how to
choose a proper zoning scheme.

As a shock meets a noticeable increase in zone mass, some peculiar effects
occur (see for example the oscillations in the trajectory at t = 13 Psec and
t = 24 gsec in Fig.5). The heavier mass point is slow to accelerate and this
causes an increase in the pressure of the zone located just behind it. This

high pressure now accelerates it too fast, thus causing a decrease in the
pressure of this zone and a decrease in the velocity of the mass point.
Finally the trajectory of the mass point is oscillating around an average lin!
and the same happens to the shock. For an important increase in zone mass,
the shock eva-n reflects clearly on the heavier zone; a weak shock is reflected

and a stronp one is transmitted. If this zone mass were still increased
further, the reflected shock would become the strongest, tAe transmitted shock
would become smaller and even, as a limiting case, disappear for an infinite
mass which is equivalent to a solid wall. If we h ,i a large decrease in zone
mass, a strong shock would be transmitted and a rare-f 'action wave reflected.
As the imploding shock wave reflects from the origin, these phenomena occur
and they cause the oscillations in the calculated pressure. In analyzing
the different possible types of zoning, we shall keep in mind these requirements
and compare how well these zoning schemes fulfil them.

a) Constant Width Zoning: In a planar, one-dimensional code, constant width
zones, which are in that case equivalent to constant mass zones are generally
used with success. The first version of this cod-., which was adapted by
Piacesi 8 from a planer code, also divided the various regions into equal
width zones. This gave large oscillations in pressure at the time of implosion,
as well as unacceptable differences in performance as various numbers of zones
were used 2. A constant width zoning leads to large differences between the
mass of adjacent zones and this is the reason for the oscillations which app-
ear in the pressure profile around the implosion. The constant width zoning
where the mass ratio of the two zones nearest to the origin is equal to 8
was then abandoned and replaced by an equal mass zoning.

b) Constant Mass Zoning: This type of zoning is without any doubt the optimum
one, relative to the disturbances. It gives no oscillations in pressure pro-
files, no spurious shocks reflected from a change in zone mass. But, due to
the size of the zone nearest to the origin (now much larger if the same total
number of zones is used: 400 times heavier if 20 zones are usid), it results
in a lack of detail as to what is happening in the barrel and consequently

6



results in a dispersion of the final velocity of the projecti]e for various
numbers of zones. There were tien two ways to overcome that difficulty, either
to increase the total number of zones at the expense of the computing time, or
try another type of zoning. To increase the number of zones was judged im-
practical, since the computing time is almost proportional to the square of
the number of zones.

c) Sevray's Zoning: Sevray 2 devised a new zoning scheme in which he tried
to keep the main features of a constant mass zoning. He divided the gas
regions in three subregions, each being divided into constant mass zones. The
subregion nearest to the origin has smaller mass zones. This zoning provides
sufficient detail on gas outflow into the barrel and consequently reduces to
a reasonable value the dispersion in the final velocity results as different
numbers of zones are used (Fig.6). This zoning has been used in he calculation
of the performance of the UTIAS hypexvelocity launcher by Sevray , and in most
of the calculations of this report. It is seen from Fig.6 that although the
details of the projeetile velocity in the barrel differ as the number of zones
are increased, the final muzzle velocity at x = i60 cm, is close to 14 Km/sec.

d) Flagg's Zoning: Later, Flagg 3 ,considering that the differences in mass
from one subregion to the next one would introduce spurious shocks and ex-
pansions, developed a new partition of zone masses, which is based on the
relation 13 + (_n'j)3 16

9n 3  3Ax=i3 + (n-i)(

I, i=l

where b is the width of the gas region, Ax. the width of the jth zone and n
the numer of zones in this region.

This type of division first appeared to have many advantages and was
then used in the calculations of the 30 inch diameter launcher3 chamber. With
the same total number of zones, the mass of the zone nearest to the origin is
approximately 10 times smaller than the mass of the same zone in Sevray's
calculation, but still 10 times bigger than in a constant width division. It
is thus providing a very reasonable detail of the flow in the barrel without
slowing down the calculations too much. However, recent investigations have
shown oscillations in the pressure profiles as well as unreasonably large
differences from the results obtained by Sevray, particularly in the time
scale of the events. These oscillations, important mainly at the time of the
implosion occur orce again because adjacent zones have very large difference
in mass. With the zoning of Sevray, if we have 20 zones in the his, the 5
zones near the origin are of the ;,ame mass; with the same number of zones in
Flagg's case, these zones vary relatively to the corresponding mass in Sevray s
case as 0.10, 0.63, 1.08, 1.55 and 1.85 (a factor of 6 between the two first
zones, a factor of 18 in the 5 first zones). With this zoning, as the number
of zones is increased, the time of implosion comes near to the value found in
Sevray's calculations. (That is the time to implosion is increased owing to
the cimalative propagation time between zones). However, at the same time the
Instabilities in the pressure profiles are very much increased, as shown on

7



Fig.7 where the same case (3J inch diameter chamber, L.65 g projectile,
25 kg of PEN and 200 psi 2H2 + 02 ) is represented with different zoning
schemes. This increase in instabilities can be easily explained. The mass
ratio of the two zones closest to the origin can be expressed as

Mn _ v n 1 3= [ + Axn - 3= + (n-1)3+ 1 3
Mn Vn InLnfl

(17)

An examination of this rtio shows that it is -in increasing function-of r. for
n > 2 varying between 3.9 Is n = 2, and 8 as n goes to infinity.

Despite the advantages of this zoning, to obtain a detailed description
of the outflow in the barrel, this type of zoning has to be abandoned as we
do not know the influence of the oscillations in the pressure at the origin
on the final velocity and cannot tolerate such variations on the time of the
implosion.

Another zoning scheme, similar in principle to the one used by Sevray,
has also been developed in order to have smaller zones around the origin.
The gas region is now divided into 7 subregions, each being divided into the
same number of zones. Between each subregion there is a mass ratio of the
order of 2. This permits one to have zones around the origin of the same
size as the central zone in Flagg's zoning, but the fact that the change in
mass is smaller and also far from the origin prevents the oscillations. This
zoning scheme will be used further to show the influence of the mass located
at the origin on the velocity profile of a shock wave propagating along the
barrel.

2.2.2 Transition Between Spherical and Planar Geometry

The treatment of the origin region, i.e., of the transition between
the spherical geometry existing in the chamber and the planar geometry in
the barrel becomes a more and more important factor as the zoning scheme used
give smaller zones arourd the origin. When the zoning of Sevray is used, we
have only one or two zones located at the same time in the transition region;
with the finer zoning, previously described, we may have up to about 10 zones
in this region. More care must then be taken how to realize a smooth transi-
tion from the spherical to the planar flow and the approximate treatment of
Sevray is no longer acceptable in such a case.

It is important to note that this transition is clearly a two-dimensional
phenomenon and a more complex type Df code should really be used and there is
no way to treat it rigorously with a one-dimensional code. Some approximations
have to be made in order to realize this transition in a manner which does not
seriously affect the flow.

In the first version of the code, the flow is considered as hemispheri-
cal upstream from the origin and planar downstream. This led to many diffi-
culties and disturbances as shown previously in Ref.2 and was then abandoned.
Sevray made this transition in two discontinuous steps for the area (Fig.8)
but kept the old routine for the calculation of the specific volume. This is

8



III

wl-.hout consequence as 4ong as only one or two zones are in the transition region
tu-u if more are inside, it must be avoided and a smooth transition must be ad-
optod.

Later Flagg 3 developed a continuous tra,,sition, taking the area as the
one of a spherical segment supported by the ba-el circumference and the volumes
as defined by these surfaces. This transition treatment is much superior to
Sevray's treatment, for it is continuous, but it must be noted that many other
continuous transitions could have been developed and used as well. All these
solutions have no real physical meaning and are somewhat arbitrary, but the
treatment of a two-dimensional phenomenon with a one-dimensional code can be
nothing but approximate ard only a two-dimensional code can treat it rigorous2y.
This problem is presently being considered at UrIAS.

2.2.3 Redivision of Long Zones in the Barrel

The barrel is .f a very small diameter, so that for any reasonable number
of zones, one zone as it expands can occupy a very long distance in the barrel,
thus providing insufficient detail on what is happening in the barrel. To
overcome this problem, Sevray introduced a scheme to split the zone next to the
projectile in two zones of equal mass and pressure, whenever its length was
greater than 3 cm. This scheme was approximate and worked very well as long as
a projectile case was calculated. Later, as the shock-tube cases were run, it
led to very big disturbances and another scheme had to be found.

To explain why this happened, let us consider the momentum equation for
the projectile-

r AN

2 (M)j+ 1j 11, mo + 2 mJ2 proJ

In the denominator of this expression, m is the most important term
and the divisicn by 2 of md , as the zone is da?id, has no serious influence
on the acceleration of the.pacjectile. However, if we now consider a shock
Tube case and look again at the denominator of this expression applied at the
interface, we note that, mproj being equal to zero and m 1 being very small,
owing to the low pressure in the charnel, m.94 becomes th ifost important term,
so that dividi4g ri by 2 is almost equivalent to multiplying the acceleration
of this interface iyj2, thus leading to the disturbances we found. Even i
these disturbarces damp out, what their actual influence on the result maybe
is difficult te evaluate and it is preferable to avoid them.

Another scheme based on a more realistic hypothesis was developed. It
perm:Ls a split of any zone in the barrel into two zones of equal mass (and not
only the zone placed just behind the interface) whenever its length increases
toc much. Essentially, this scheme keeps constant the values of the acceleration
cn both boundaries of the zone which will be divided, and that permits one to
assign to each new zone a pressure calculated from the momentum equation. The
specific volumes, rather than being taken equal in both zones, are now calculated
from the pressure assuming a 7 law relation between pressure and density and an
effective 7 equal to 1.14 as mentioned by Flagg 9. The energy is then calculated
from pressure ard density using the equation of state, and the conservation of

9



energy gives the kinetic energy of the new mass point and thus its velocity.
T!Ai procedure pc-mitted one to obtain a much better description of the flow in
the barrel, but in consideration of the other limitations of the code and of
the increase in computing time, it was usedronly in a small number of cases

to check its influence. This influence was found to be not important and justi-
fies the fact that it was not used regularly in the calculations.

2.3 Equations of State

Another major difficulty of such calculations is to find appropriate
equations of state for the different materials involved, particularly when the
conditions are extreme as they are in our case where the pressure and temperature
at the origin are ideally infinite at the time of implosion. The three equations
of state that were. ued -ire real gas equations of state, but have been used well
beyond their range of applicability.

2.3.1 Equation of State of the Gas Mixture 2H2 + 02

It is an extrapolation of the real gas calculation of Moffatt 10 done by
Brode and programmed by Piacesi. It is expressed as

E = 6.57 x PV + . - a [0.l0xlO'Ln - - 0.2325xi0
1140.0 + (PV) L l.013xlO3

(19)

where:
a = 0 for Pv < 1.0465

a = 8600 Iv-9000 for I.O465<PV < 3.488

a=21xlO3  for 3.488 < PV

the units are:

P in 1010 erg/cc = 104 bars

E in 10 erg/g = 104 bar-cc/g.

V in cc/g.

This equation is representative of the 2H2+ 02 mixture in the range:

1600 ° K < T < 60000 K

0.01 bar < P < 1000 bars

and has been used well beyond these limits in our calculations, since unfort-
unately no calculations are a-ailable for a stoichiometric mixtu- of hydrogen-
oxygen for temperatures to 10 °K and pressure of the order of 10 bars. How-
ever, it has been shown that at high pressure this equation of state i:; closely
equivalent to a flow with y = 1.14, which is in good agreement with other

10



available calculations

2.3.2 Equation of State for the Explosive

This equation is a numerical fit to the experimental data of a 50%
mixture of PETN and TNT (pentolite) provided ani prograxmed by Piacesi. It is
written as

I (E, v) = A(p) +B( E (20)

where-6./
A = 0.00216 4P - 2.0755e

B = 0.35P
P

-- 0PV-

pO is the initial density and was taken as Po = 0.58 g/cc. The units are:

P in megabars

E in megabar - cc/g

It must be mentioned that both the equation of state for the gas and
the equation of state for the explosive do not give directly the temperature and
in this code we deduce it from the ideal relation PV = RT where, R =QA and
M, the molecular weight. The molecular weight of the mixture varies with the
degrees of dissociation and ionization and is thus a function of the temperature.
For the 2 + 02 mixture, M was taken as 12 which corresponds to the unreacted
mixture. For the explosive, M was taken as 1, since we did not know the

be made to obtain a reasonable value of the temperature. The temperatures are

thus inaccurate and give only some indications of their variations with time
or position. It is hoped that better calculated temperatures will be obtained
in future calculations, at UTIAS.

2.3.3 Equation of State for Air

First a perfect gas equation PV = RT was used, but later it was found
a more accurate equation would be preferable. An equation of state was then
programmed from an extrapolation of the calculations of Gilmore 12 done by
Brode 13.

A convenient form to write this equition of state for air is
e = J

S i

Yo-1
= 2 (9-1) (21)

P~ = PQ~ , TO

= Ln (TI)
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with the non-dimensionalized variables

P with P = 1 atm.
P 0

= with Po = 1.293 10-3 g/cc.PO

E = with E =1960. 0 bar-cc/g.
0

T withT = 273.92 OK.
T 0

0

we have S() - 485 + 3860 (22)

1000 + 7500 +

= + 0.09 61o-P2 ) E (23)

taking y =V, 1o and p2 are given by the following relations

o + 25.894868 3+3 + 860 y(l-y) 2536 y(l-y)+ 41000 y(l-y) (21)
o 4.778973 y+l 3000 y2 +l + I0 y- +1 12 10t) y2 +1

6002 y + 4
2 O 1ooy+1 (25)

this equation of state is valid for temperatures up to 24,000 OK and was

used almost only in its range of validity.

2.4 Detonation Scheme

In programming the equaticns of state for explpsive and for gas mixture
2H2 + 02 the detonation scheme described by Wilkins Iq was used. In each zone,
the burn fraction F defined Ps

F 1- V (26)1 -V cj

is calculated and the pressure in the zone is defined as

P = P (E, V) x F (27)

where, V is the specific volume and V0 1 the Chapman-Jouguet volume. This
burn fraction F is used to spread the detonation front over several zones in
the same manner as the artificial viscosity spreads a shock front over several
zones. The burn calculation is started by setting F = 1 in the zone that

12



corresponds to the point of initiation of the detonation. When F = I for
a zone, then all the chemical energy contained in that zone has been deposited
and F remains equal to 1 thereaft.er.

It shoul be noted that the calculations will proceed over several
zones (Wilkins " mentions 2 to 3 times the number of zones on which the
artificial viscosity is spread over, i.e., 15 zones approximately in our prob-
lem, but calculations seem to show a much smaller number) before the deton-
ation front is correctly established. This implies the use of a maximum
number of zones in order to obtain reasonable accuracy in the detonation velo-
city and consequently in the time scale of the phenomenon. The Chapman-
Jouguet volumes which were used in this work are

Vcj (PETN) = 0.7872 (28)

Vj (2H2 + 02= 0.54

c~j 2 2

In previous works 2-3, unfortunately an erroneous value of the Chapman-
Jouguet volume for PE2N has been used. Some runs have been done to check the
influence of this paraeter and it was found this error did not affect the
results seriously as shown in Figs. 9 and 10. It is seen that the correct
value (Vcj = 0.7872) gives a higher (4%) final contact surface velocity and
lower implosion pressure at the origin.

3. RESULTS OF THE COMPUTATIONS:

Only a few results indicative of the general trend will be given in this
report since it has been recently found follLwing a comparison with experi-
mental results, that they were of limited valu%. In Section 5, the reasons
for this fact will be explained in detail and some indications of the remedy
that could be applied to improve these calculations and make them more re-
liable will be given.

3.1 The Shock Tube as a Limiting Case of a Hypervelocity Launcher as the
Mass of the Projectile Goes to Zero

The case presented consists of an explosive loading of 100 g PETN, an
initial pressure in the chamber of 400 PSIA 2H2 + 02 and an air pressure of 1
torr in the barrel. Four runs were made with the mass of the projectile
varying: 1.72 g, 1.0 g, 0.5g and 0.2 g. The results are shown on Figures 11
and ]2. Figure 11 indicates the variation of the velocity of the projectile
or interface at 2 meters as the mass of the projectile decreases and goes to
zero. On Figure IL is given the variation of the velocity profile at a dis-
tance of two meters from the origin with the mass of the projectile as a
parameter.

From Figure 11 it can be seen that as the mass of the projectile de-
creases, the importance of the first peak pressure on the base of the pro-
jectile becomes bigger and finally as the mass decreases still more, the
influence of the second peak disappears completely. The trajectory of the
projectile is now determined by the first implosion and shock waves in the
barrel generated by the following implosions will no longer overtake it.
Figure 12 shows that as expected the projectile velocity increases with de-
creasing mass, It was not possible to go to masses m < 0.2 g, as the program



expect tub osieae incresenwith inintalz, drivin irs~

.2 near)!! Tubhe oaligaineoe tetosesi.Tefcthtn

ae,,.u! is weeotindativeao cses coiptatinial prem.sThe n-
exje oe o 210t0,o. result 8cupe with2- th eigure 3 giests dihowen
ilcit pefion s 6) tindilIt ois cden to dr ery ibe1 a n the pheonln

A seres of th a~runcs wiffe8inhdetrer anly slgty 5/is isntpyichyrel
1 ater barr- el habnrn or a conste nant t initial dsung ofr20 ssurei
tepciaber nar%,h oivrigen exploe atoadtg: 100s in. The fac andt 40noir

4give the iereve ondcty o sive setoaes prbtm i ese uhanth

P-g-ed thoute a ioni andulte crpease ast the wiofexpermn kirss sho
furer eton6 h incrbile. Tfhis odehasiecres the nedpohnenimton ont.

initiaj;'lodiion Cse.ban~ehges ahnme se e~ Hwvr

i A theies of thes withparison bewn computed hrie and ereal resultnc,
tis optimiaion hasn beenfo consete uinithel pressen pof 20 am. i

te cade n ies xlosive loading: of g 200 g and an0 iniia pregureof00IA H+2
!4r ae t/h6 inh iae elciaynel. Thesuesivesepcas.Is een thallowe
fial ieot t is-I imeesieterk thast thceasuesie scsn teplenere winht
thes trrlq~ ;oaat withwen adclower asthveloity t and eillvrosvertak
fcrthat thcetaector ofi emhsiieterae isein forat detiminetionl by the
iit il oiion Ito isbtein theshot Mach numbersee 1.18 10) ma beoeved.

n5 aturcan the Ji fte rprshok bwae comthiesul isd erifedt epeltall
i otimizbaton eancobeing tompee usie the present " paiit ognrateuifr

Figur r15on at extre tw-perauredarmo an psures tiut-e cas shwsithea
exive l. onepe ueontevlct of th0gPT n n nta rse nefae Ther SI s only 0

f9 orr h re/r!ad in th hne Treiu susectionpalsion apwere. Itloe
an it is iterestin te rearl thase the cesiowho they eerue has

otatthe e~etrajono ofthe lrt interface velfcty Whterieas n pratie,
;ne -r cscep inlsoee Its bcntat shock thach nurers tMperatureay et acupered

Yx-iar te 16 gie h arsoue prfles ait deayiotsistapeed corrspdine

if countverpessrvne donte veity an 8tnhe dinterae Teisheriscoly

w e ei ifrnebten01toredItr.Hwvr h rfl



chambe. The barrei was maae of stainless-steei, high-pressure tubing with a
5/16 inch internal diameter and wes approximately 4 meters long. Scribed
stainless steel diaphragms, C.015 inch thick, which had been tested previously
by Watson 15, were used and chosen following his recommendations.

The velceity of the shock was measured using three different methods:

1) Ionization Gauges: they detect the arrival of the ionization front
which accompanies the shock. They were the principal measuring system.

2) Photomultipliers: they detect the arrival of the luminous front which
accompanies the shock. They have been used as an independent way of
measuring the time of arrival of the shock at a fixed station in order
to check the results given by the ionization gauge technique.

3) Microwave: in association with Elsenaar 16 this method should have
given a continuous measurement of the velocity of the shock wave and
by following the profile it should have been possible to evaluate
boundary-layer effects and shock-wave attenuation in the barrel. But
unfortunately the reflection of the microwaves from the shock was very
weak owing to the low power level of the existing equipment and no
practical results could be obtained.

4.2 Ionization Gauges

The ionization gauges consisted of a tbin copper wire (1/32 inch
diameter) placed in a hole in the wall of the barrel and well insulated from
the wall. They extended about 0.5 mm inside the barrel. Over each ionization
gauge, the barrel was reinforced with a tight collar to prevent the gauge

from leaving its hole as the pressure in the channel increased, following the
arrival of a shock. Five ionization gauges were placed along the barrel at
fixed intervals of 14 inches. During an experiment, they were charged at

300 volts D.C. To prevent accidental discharge, they were checked before a
run at 500 volts D.C. These ionization gauges were connected to a circuit
transforming their signals into sharp pulses which were recorded on an osci-
llograph. We had already at UTIAS one circuit (Fig.18) designed by Flagg 9
for his measurement of the incident detonation wave and reflected shock in
the one-dimensional chamber. This circuit had been designed to be able to
distinguish shocks at intervals of about 5 ps. This led to difficulties in
the first measurements. The same ionization gauge was giving several signals
corresponding to the arrival of the different shocks caused by the successive
implosions and on the record ichere was no way to distinguish between them.
A new circuit was then designed with a time constant for charging of the order
of 150 milliseconds and a time constant for dischdrging of the order of 2
microseconds. This circuit represented on Fig.18 was built and used with
success. The signals attenuated 28.2 times were recorded on a zig-zag ( or
raster) oscillograph together with the signals of a l§-mi.roseconds time-mark
generator. The oscillograph was triggered from the ignition and a time of
76 microseconds was assumed between the ignition and the first implosion.

4.3 Verification of the Ionization Gauge Techniquv

After the first experiments which showed velocity profiles quite
different from the conputed profiles, it was decided to check the ionization
gauge technique. This wps done by placirg at the same distance from the
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origin an ionization gauge and a photomultiplier looking through a window into
the barrel. The window was a 1/16 inch diameter Dole, drilled perpendicularly
to the barrel and filled with a transparent resin. The time of arrival of the
luminous front and of discharge of the ionization gauge were recorded separately
as shown on Fig.19 for a 200 FSIA 2H2 + 02 case. The agreement between the two
techniques was found to be very good.

4.4 Experimental Results

Only a few cases have been run so far, mainly for two reasons:

1) They showed sufficient evidence that the computations were not adequate.

2) We were strongly limited in our choice of initial conditions by the
strength of the hemispherical chamber, which had been previously
damaged and could no longer stand explosive runs.

For these reasons only three cases have been run and duplicated in
order to obtain average values since the reproductibility was not always very
good; initial pressure of these were 200 PSIA, 400 PSIA and 600 PSIA 2H2  02
without explosive and with a counterpressure of 1 torr or 10 torr.

Figure 20 gives the oscillograph recordings of a 400 PSIA 2H2 + 0
case. On Fig. 21 the velocity profiles versus distance of the three studied
cases are given. Two points, where the velocity of the shock in the 400 PSIA
case was measured with the microwave equipment i6 are also given on this
previous figure. These points are in good agreement with the ionization gauge
measurements. The three profiles have the same general character: v;ery high
initial velocity followed by an extremely rapil attenuation of the shock. For
example, in the 600 psi 2H2 + 02 case, the shc- k wave attenuates from M. - 40
to M - 10, in 6 ft. This attenuation was firs. judged too strong, but it is
in fact not so strange when we consider such high Mach numbers flow in a pipe
of such a small diameter, and we have probably a fully developed pipe flow.
Other runs have been done last year by Flagg, with variable explosive loading
since at that time the chamber could stand 200 g. PETN. These runs show the
same general features but they have been done with only two ionization gauges
and consequently give only a rough idea of the velocity of the shock.

More experimental runs will have to be done in order to evaluate
completely the possibilities of this device and the influence of radiative,
convective, ablative and frictional losses, and to optimize its performance.
With the new launcher which has been designed, it will be possible to use a
1 inch diameter barrel and this should permit us in the future to carry out
more realistic and useful experiments. However, for the aim of this study,
these few runs have been sufficient, permitting us to test well the code used
and to show its inability to describe accurately the phenomena occurring in
such a shock tube as will be shown subsequently.

5. COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS

Figure 22 shows on the same plot the velocity profile of the shock in a
200 PSIA 2H2 + 02 gas case computed from this code and as measured experimentally.
The two profiles are quite different and it was suspected that the ionization
gauges were not working properly. However, after the gauges were checked by an
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independent technique, the optical measurement of the arrival of the luminous
shock front, and after having duplicated all runs and obtained results within
20 per cent it was no longer possible to doubt the results. The calculations
were then checked with great care and we arrived at the conclusion that the
computer code was unable to describe accurately the starting process of this
shock tube.

Let us consider the movement of the interface between the gas mixture
2H2 + 02 in the chamber and the air in the barrel. Just at the time at which
the diaphragm breaks. This movement is governed by the monritum equation:

AN [ P+Q) J - (P+Q) V

Y, mj_ mj+ ]

For a given pressure difference across the interface, the acceleration depends
on the values of the masses M. 1 and M. 1. In the channel, the pressure is
very low, so that the mass M.+i2 is veiy2sma3: typically, for a pressure of
1 torr and a 5 cm long zone, M., is equal to 0. 10"5 g. On the other side,
M _, the last zone in the gas miitre is in a typical run using Sevray's
zgning 2 with 20 zones in the gas of the order of 0.1 g, so that the accele-
ration of the interface is almost-inversely proportional to the mass of this
zone. This picture is rigorously true only for the cycle at which the dia-
phragm will burst, as the breaking pressure has been constantly chosen as 1000
bars. For subsequent cycles, the driving pressure will also be dependent
on the mass M.+I. However, the influence of the value of the mass located at
the origin was 2clearly shown as another type of zoning problem in Sec. 2.2.1.
The zoning used allowed us to have a mass at the origin approximately 10 times
smaller than with Sevray's zoning, with only 35 zones. Figure 23 shows how
the velocity profile varies. As expected from previous consideration, the
inital acceleration of the interface is much higher. In addition, the final
velocity is much higher. The latter result could not have been predicted
beforehand. This can be understood and explained: in the first case, with a
heavy mass at the origin, it takes a long time for the interface to attain its
final velocity and is still accelerating at 10 meters from the origin, where
the calculation was stopped; when a much lighter mass is located at the origin,
the interface accelerates much faster and the final velocity is obtained in
a much smaller distance. It is interesting to mention that if we apply the
theory of a perfect shock tube 17, the initial acceleration of the interface
is infinite. From the previous considerations it is seen that to approach
such a result we should have Mj.)_ of the same order as M i. However, the
continuity of the masses across The interface is difficult to obtain and would
require an extremely large number of zones.

The results of Section 3.2.1 can now be explained. The shock Mach
numbers calculated for initial pressures of 200, 400, 600 and 800 PSIA
2H2 + 02 were found to be almost the same, as shown on Fig. 13, when they should
have increased with initial pressure. In the computations when the initial
pressure is doubled, the pressure in the chamber is also approximately doubled.
However, if we keep the same total number of zones in the gas, the mass of
the zone located at the origin is also doubled and both effects compensate in
the momentum equation to give the same acceleration.

From the previous discussion, it is seen that,
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a) the computed velocity profile is not realistic

b) the velocity obtained at 10 meters is not the final velocity,
since the interface is still accelerating

Consequently, the code, as used is inadequate for such calculations. The follow-
ing -,:r,'ovements may be implemented in order to make the calculati ons closer to
reaiJ ty.

6. FTUR E VORK

Several changes to the present code will have to be made, but there are
three main direct ins in which improvements will have to be found and these will
be reviewed in order of importance.

a) Initial ZonlInL As shown in Section 2.2.1 and 5, large discontinuities in
zone mess cannol be tolerated and continuity of zone mass must be insured across
the i ,erface. From recent discussions w~th Dr. I!. L. Brode 18, it has been
ononcedied that even Sevray's zoning is not acceptable since the ratio of zone

masses of two adjacent subregions '..ich is eoual to 3 is too big. However, a
1; per cent increase in mass from cne zone to the next may be acceptable. This
suggests the use in the chamber of zoning in which as we go away from the origin,
the zone mass is increased by a fixed percentage of the order of 10 per cent.
A reasonable number of zones would have to be assumed in the explosive region
and the number of zones in the gas region would be determined by requiring con-
tinuity of zone mass through the interface gas mixture 212 + 02/air and gas
mixture 2H2 t 02/explosive. Such zoning would be ideal. There are no longer
ari; important discontinuities in zone mass and thus spurious shocks or expansions
are avoided. The mass located at the origin is now very small and of the same
size as the masses in the barrel thus being independent of the pressure in the
chamber, and the difficulties explained at the end of Section 5 are avoided.
However, such zoning will lead to very large numbers of zones and require
extremely large storage of data. The time of computation will be very long and
will limit the number of cases that can be run, so that a compromise will prob-
ably have to be found. An additional problem is that for very small zones the
transition between t'.. spherical and planar geometry (see Sec.2.2.2) becomes
extremely iL2or'. ,. As noted before, only a two-dimensional treatment of the
transition region will describe the local flow accurately.

b) Equations of State: When a more accurate code will have been developed, it
will become necessary to use more precise equations of state in, order to be able
to compare expe.imental and computed results. The present equations have been
used well beyond thei, limits of validity. This problem is actually under
investigation and it is hoped that we will soon have a better equation of state
for the mixture 2H, + O.. The equation of state for the explosive, PETN, will
also have to be reconsiaered since the equation we use is in fact an equation for
pentolite (50 per cent of PEJN and of TNT).

c) Artificial Viscosity Technique: The Q-method will have to be investigated
much more The form of the artificial viscosity should be chosen as described
by Brode and the criterion presently based on the velocities will have to be
replaced by a criterion based on the specific volume. The artificial viscosity
technique leads to an erroneous value of pressure in the zone located at the
origin and this effect on the final performance will have to be evaluated.
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7. GOiNCL.IO.

The experimental measurements of shock velocity using ionization gaugE-S
have shown that the numerical code used in this work was .not very successful
in predicting the performance of the UTIAS implosion-driven shock tube. The
kieficiencies of the code have been analyzed in detail and recommendation: :"Lvt'
bLen given to overcome some of these difficulties. The min problem is to
choose proper initial zoning that would avoid computational effects and errors
arising from a large change in zone mass and which will stil.I not lead to
unreasonable computing times.
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APPENDIX A: SOUND SPEED RELATIONSHIPS

Al: 2H2 +02 mixture

The equation of state is of the form

E = E (P,V)

The speed of sound ia a gas is given by the relation

02 = pV 12)

The total derivative for P is

dP= ~ dV + (i) dE
i

I and thus:

Thes )E ( )V ( 6 )s
The thermodynamic partial derivatives are related by

1

)E ( V )

and

) ))p -

substittting we obtain

pI(i> if- ) 1 6

p)

- [ +v 6 Ev ) 
6 E

Al



hence: 2 __ _

C = V

A2: Explosive

The equation of state is now:

P= P (E, V)

The relation:

is still valid.

From first low of Thermodynamics

dE = TdS - pdV

Also,
ldE= ( dS + E dV

By comparison it becomes:

and

hence,

A2



APPENDIX B

PROGRAM LISTING AND FLOW CHARTS

TABLE 1

Summary of Subroutines

DECK SUBROUTINE PAGE
NAME NAME NUMBER

MAIN 1

READ LIRE 2

SETUP DEPOT 3-6

GROS GUTS 7-8

RETOUR LFTOV 9-10

OUTPUT SORT I 11-12

EZAT 1 EQST 1 13-14

ETAT 2 T 2 15

ETAT 3 EQST 3 16



APPENDDC B

PROGRAM LISTING AND FLOW CHARTS

SIAFTC MA!hl NOLIST
COMAMON Ar>EA1 ,QRAKECS0MADLAVA.DTLASDUOEINSU.EKSUMEkiPROESU~,
119 yMAX,9TOUIT #JLASTvNl9NlN29Nv'ARl ,NRAR2,NCYCLt',I w1HANN.#NOUTP#
2NPLHNDLHANPLUSPIN.PINITRADUSHPRSG-AXBARIXSTOPZovEXP,V 3T
COYMON APEA(20092).SRNEC2),CQSQX(3),CSQ(200),DTMIN%(3),DTSQ(2OO),

2NZ0'E(3)P(2002)PPLUS(200),0(20092),ROZER(3),THETA(200),
ITMINS2).UC(2002)USO(200).V(2OO,2),X(20092)

V1 CALL LIRE
1100 FORMAT(40X19H~ I%.TT!AL rONr)!TIONS)
1101 FORMAT(35X,15W %'ASS EXPLOSIVEo9X#F1O*298H GRAMMIES)
1102 FOR'AAT(35X#17H INITIAL PRESSURE97X9Fl0*494H PSI)
1103 FORMOATM3X916H M~ASS PROJECTILEs8X#F1O.4,SH GRAMMES)
1106 FOQmAT(35Xt22H RADIUS Ot THE CHAMBER92X#F1O.4,3H CM)
1107 F0RMAT(35X922H AREA OF THE BARREL o2X#F1Q.494H Civ2)
1104 FORV'ATC1H
110F FORMAT(35Xt20HPPOJ* RELEASE PRESS..4XF1O.4t4H8ARS)

WI1109 F0OAT(35X.15HCOUNTEQOPESSURE.9XFl0.4.4HT0RR)
P WRITEf 6.1104)
h WURITE(6,llO0a)

teRITF(69110n)
W4RITF(691104)

WRITF(691101) ZA$EXPI
WR!TE(691104)iiWRITE(691107) PI N IT
WRITE(691104)
WRITE(691103) EVPRO

VIRITE(6o110n6) RADIU

WRITE(691107) AREA1

-RITFC6,110P) SHPR
WRITF(6.1 104)
'RITE(691109) PIN3
CALL DEPOT

2 IF(PRAKE-1.) 8039802,AO?
A03 TF(PPLUS(JLAST-1)-SHPR) 80198029802
801 IMAX=2

cRAI(Fsfl
GO TO 805

P02 IWAXn3
RRAKF.1 *

005 CALL GUTS
CALL LFTOV
IF(YOUIT-1) 2.6.6

6 WF(DUO.) 7#7#1j7 STOP



SIRFTC READ NOLIST
SUSROUTINE LIRE
COMMON AREA1,BRAKEOCSQMADLAMADTLASDUOEINSUEKSUMEMPR0,ESUM,
IlIIMAX.IOUITJLASTN,%31,N2,NBAR1,NBAR2,NCYCLNMNHANNNOUTP,
2NPL3H *NPLHA 9NPLUS tPIN3AtPJN IT *RADJUSHP-LS!GMA&XBAR1 9XSTP a±EX.Pt
3T
CONM"AON AREA(20,2),BURNE(2),CoSoxc3)OCSQczoo).DTMIMc3),DTSQ 2oo),
lE( 200 .2 ) EINT(3) ,EKINC 3) F200 .2) ,HALFM( 200) ,HALFR(3) INTER(4)t
2NZONE(3),P(200,2)SPPLUSCZOO),oczoo#2),ROZER(3),THETA(200',
STMINS( 2) sU(200.2) .USQ( 200) ,V(200 .2) .X(200,2)
1 FOR%'AT(313)
2 FORMAT(OF10*81
3 FORIAT(Fl0.4)
READ(Sol) IMAX
READ(592) APEAloRPDIUtXSTOP
READ(593) EM PRO
READ(593) ZvEXP
READ(593) PINIT
READ(592) SHPR
READ(5*2) PIN3
READ(591) r%,Z0ME( 1) 9-ZON'E(2)
READ(592) XARI
READC591) NPAR19NBAR2
PEAD(591) N1.N2
READ(592) DO
QlE TURN
FND



S[FT SFU $LS
SUBRCUTIM;E nEPOT

3T
C~vV/0N AREA(20O,2),8utRNEC2),CQSQXC3),CSQ(200),DTMI.'a3),DTSQ(20U),
1E(20092) ,FI4:T(3) ,EXIt.(3) .F(20092) .HALFMC200) .HALFRC3 ,JNTEi((4).
2%'ZONE(3)tP(2O3,2),PPLUS(2' ")0),(20092),R0ZERC3),THETA(200),
3T'IINS (2 ) LJ(200#2 USO( 200) 9V(20092)PX(200t2)

COS'VX(2)=4*
COSOX (3 )4@
VZEiROC 1.1.
VZERO(P)ll
VZEPO (33.1.
GAVmA (3)u1.4
SURNE C 1 331
AURNE(2)ulo
OUT80C2)aRADIU
R0?FQ (1) 0o5F8
R0ZERC2 )mlP./( 14.5*300.*83o73)*PINIT
'ROZER C3) .28.96/C 750.o*3C0.o*83.17)*PIN3
FZERO( 13.30400.
FZFRO)(2)a1.?25*loE 05 *ROZER(2)
EZERO(3)sPIN,3/C CGAIA(3)m1.0)*750.O)
VEXPuZ"FXP/0s588*3#/2./3s1416
CEXIPuRADIU**3-VEXP
IF(CEXP) 109491099.1094

1094 Y1.1.
1095 V?=V1-(Y1**3-CEXP)/(3.*Y1**21

IF(A9S((Yl-Y2)/Y2) -1.E-4) 109691096#1097
1OQ7 Y 1 uYZ

GO TO 1095

SO 70 1030

10Q9 CUABRTwOo
101~0 OUTRrU.=CUnRT

1001 NI.VAIHA zNI
1007 'lJPLIH a'%
1003 NPLUS al
1004 vPLHA =NPLUS
1005 ,N=u3
1006 NIOUTP*0
1007 NCYCL =0
1008 TuOe
1009 r)TLAS=Oo
1010 )TYINJ(MN)w0*
1011 INTER (Hawl
1012 DO 35 IulIMAX
35 HALFR (!IsROZER (1)/2*

h170.%,F(3).N8ARJ+NBAR2
r00 40 IullMAX

40 INTER (1.1)aINTER CI)+NZONE (1)
JLASTa!NTER( IAX)



JLAS3sINTER( IvAX+l)
JLAS~uJLAST-1
DNZOiuNZONEC1)60T
DELX(lin (RADIU**3-(RADIU-OUTBD(1) )**3)/UNtOI

JMAX.INTER (1)+l

nO 51 JUJM!NJMiAX
JMNHA *J-1
U(JoNMNHA)*0.
((JMN HA .N ) 0.
V(JMNHA ,N)uVZERO(I)
E(JMNHA tNd.EZERO(l)
11i.J*2) ar.
Q(JmNHAo2)o0.

* V(JmNHAo2)*V.ERO(I)
E(JMNHA#2IUEZl[RO(I)
!F(1-2) 01toO

C SETUP REGION 1 AND 2
101 DLwJ-1

* VOLaDELX( 1)*3.14159*0*66666666
MAL7MCdMNHA)aHALFR( I)*VOL
CJURADIU**3-DELX( 1)*DL
GO TO 103

102 PART&NIONE(2/2
Mu*ZONE(2)/P+NZONE( 1)44
IF(J-M) 10491049105

104, DL*J-1-NZONE(l1
VOLu4./5.*VGAZ/PART*3. 14159*0.6666666
HALFM(JM~NHA)oL4ALFR(! )*VOL
CJNVGAZ-4. /So*VGAZ*DL/PART
GO TO 103

105 PARTlwNZOME(2)/4
MPuMNZONE (2) /4
IF(J-MP) 106PI069107

106 DLwJ-!4
VOL.3 */20.*VGAZ/PART 1*3.14159*0.66666666
M.ALFMf JMNHA) uHALFR C ) *VflL
CJU1. O/5e*VGAZm3 .0/20 .O*VGAZ*DL/PART1
GO TO 103

107 DLmJ-MP
VOL.1 .0/20.0*VGA7 /PART1*3. 14159*0.66666666
HALF%1(JMNHA)=HALFR( I)*VOL
CJS1.O/20.0*VGAZ*( (PARTI-QLILZPARfl

103 IF(CJ) 94999994
94 Ylu1.O
95 Y2*Y1-(Y1**3-CJ)/(3**Y1**2)

lF(ABSUfYl-Y21/Y2)-1.E-4) 96996997
97 YluY2

GO TO 95



96 CUBRTOY2
60TO 50

99 CURRTuo.
GO TO 50

C SETUP REGION 3
*106 P(%LYNH 11PINj3/750a

P(JMNHA92)mPIN3/750*
JDJaJfrqLAST
IF(JDJ-NSARI) 109.109,110

209 DELXIuXRARI/FLOAT(NAAR1)
VOLuDELX1*AREA1

CURRTa-DJ*DELXI

GO TO 50
*110 IF(NBAR2) 50950.111

Ill XFAR~n1.2*XSTOP-(RADIU4.XBAR1)
D1JL2vx8ABRiWI ATINBA=2
VOLuDELX2*AREAI
MALFM (JMNHA ) VOL*H.ALFR I )
DJ*JDJ-tJBAR 1
CUBRT*uXBAR1-DJ*DELX2

C END SETUP REGION 3
50 X(JsN)wRADIU-CLJBRT

51 X(J92)=X(J9N)
V(JMAX+1#NMNMA)in0*
E(JmAXN)nEZERO( J)

55 V(JMAX#N)..VZERO(l)
JLAS2 uJLAS3-1
HALFM1(JLASI ) HALFM( JLAS2J
DO 10 Jul#JLAS3
JEJ
IP(X(JtNPLUS )-RADIU )40095-'0500

400 AREA(JsNPLUS )a(CRAOIU -XCJ;NPLUS ))**2)*?.*3a1416'

500 AREA CJ NP.LUS-)AREA I*
10 AREA(J#2)=AREA(J*NPLUS)

P(JLAS39N)*PIN3/750. I
P(JLAS392 )aPIN3/750*

A DO 130 Tw1.IMAX

IF(IsE~o.1AND&NZONE~l)@EQ.O) GO TO 130

!F(I-2) 72971.73
72 CALL EQST2

£ GO TO 130
71 JMINnINTER(I)+l

* JMAX*!NTER( 1+1)
JM!NI uJ:A1N-1
jMAX1 UJMAX-1 M
F(JMAX1#N)80@994

P (JMAX1 ,NPLUS) eQ 99'

73CALL EQST3

130 CONTINUE
DO 135 JMNHAm1,JLAS3

135 PPLUS (JMNHA )SP(JMNHA 9N)

EKSUMwCo



FSU%1O.
US0C1)wUC19,N)**2

I EINTII)w0s

lF(t.EQs1.AMDsNZ0NE(1)*EQ*O) G0 TO 165

JmAXuINTER (1+1)-l
D0 160 JmJNIIN*J.%AX
JPLHA xJ
UJS0 CJ+l) NU(.J+1 9N) **2

I FINT(I)uEINT(!)+ECJPLHA *o')/HALFR (t)*HAL.FMI.iPLHA

1160 EKIN(fl:(USO(J)+USO(J,1H)*HALFMiCJPLHA ) +EK!N(I)

EINSU OEINSJ +EINT(I)
EKSUMmEKSUM+EKIN CI)L165 CONTINUE
ESUMuEINSU *EKSUIY
CALL SORT I
MPLUS u2
NPLI4A *W!PLUS
DTMININPLHA )=O.00006

DTMIN CNN)*0*00006
TMINS (NPLHA )mo00000008
IQUIT=O
X C.JLAST .NPLUS )aX (JLAST.#N)
'RETURN



If:Z

51~FTC GROS 'NOLIST
SUBROUTINE GUTS
DP~'ENSIO: DLA'.ID20)oTSIGS(200)

C2vON3 ARP(20092) .PPUSN(2)C ,O(O0.2S ROZER) ,TTA() S(200)LI I3TMINS(2),(?OO,02),USQ(?OO),V(2O0,2),X(2 10,2)
.JLASTRINjTER ('3)
JLASI=JLAST-1
FRICCzl*0
nLANIA *0.
SIV'~A 0
T-T+0,TY'IN'(MPLHA'1 N'CYCL aNCYCL +1
NOUTPuNOUTP.1
D0 245 IslolMAX
IFU.EFQ*1.AvC.NZO'E(l)E).0) GO TO 245
CSOMA s0.

U Cl NPLHA isO*
UC 1,NVNHA)uO.

JI.VINTER M1+1
JmAx!INTER (1+1)
DO 196 -1jw.JXJAX
JPLHA &J
JYMHA uJ-1
IF(JLAST-J) 8069F079806

807 IFCBRAKF-1.) 80808090!09
800 flUfTuOo

GO TO 195
809 fUDTFRTCC*(POLLUS(J"'A)-)LLIS(JPLHA) )*AREAl/

1CHALFMC',J.NHA)+HALF,,1JPLHA)+E'4,PRO)
60 TO 195

806 0UnTsCPPLUSCJ"'.NHA)-PPLUSJ!'LHA) )*AREA(JgNl)/.
1 (HLS VIA 4HL% JLA

195 t'(J*NPLHA )uUC.Jv,NfA )..DT':Ii\U,!1NN*DUDT
196 X(JipNPLLjS )uX(J9,N)+DT~vJt)C!PLHA )*u(JIJPLHA

JMINwINTERM +1
JYAX=INTERC 1+1)

C AREAS AVD VOLu*"ES ARE NO.-.' CALCULATED FOLLOWING TME SCHEME

IV C OF FLAGG
00 7'30 JnJvPIN*.JYAXI
JPLHAaJ
IA4NHA3J-1
PROw5ORT (AREA1/3 .14159)
IFMXJvN~PLUS)-CRADIU-PRO)) 40095009500

400 AREACJNPLUS)3(RAlhLJ-X(JNPLU)S) )**2*2o0*3.14159

VOLU'-u2.0*3.14159*CRAnTU-x(j.:mPI US) )**3/3&."I

500 IF(X(J9NPLUS)-RADIU) 51005109520,
4 510 AREA(J,"'PLUS)u3.14l59*CRADIU.X CJNPLUS) )**2+AREA1

IF(XCJ-1,':PLUS)-CRADIU-PRO)) 5120512t513 I
512 VOLUMm2.D*3.14159*(RADIUmX(J-1,NPLUS))**3/3eO

nO TO 17



!)13 VOLUyu3e14159*((RA01U-XCJ1NPUS))*(RADU-"X(j-'1vWLJS))**2+3e0
1PRO**2)-(RADIU.X(JNPLUS))*((RADIU-X(JNPLUS))**2+3e0*PRU**2))/6.0
GO TO 17

520 AREA(J'NPLUS)uAREA1
'!F(XCJ-19NPLUS)-RADIU) 5239522.522

52 VOLUYuAREA1*(XWJ#NPL)S)-XCJ-1,NPLUS))
50 TO 17

523 JF(X(J-1,N'PLUS)-(RADIU-PRO)) 52405249525
2 524 VOLU.NuAREA1*(X(J,'NPLUS)-RADIU)+2.O*3.14159/3.0*(RADIU-X.J-1,NPLUS)

GO TO 17
525 VOLUIAREA1*(X(JMIPLUS)-RADTU)+3.14159/6*C*RADIU-X(J-1.NPIUS))

1*U(RADIU-X(J1NPLUS) )**2+3oO*PRO**2)
17 CONTINUE

V(JMM~HA tiMPLUS )=VOLU'4 HALF~ie-JV.N\HA ) *HALFRj(l)
IF(U(Jok!PLHA )-UCJ-19NPLHA )) 20592259225

205 QiJYNHA *MPLHIA )uCOSCIX (1) *(U(JtNPLHA )-UCJ-19NPLHA )
l**2/(V(Jk~hHA ,N'PLUS )+V(JVNHA #N)) *HALER(!)
GO TO 230

225 f(JMNHA *NPLHA )w0o
230 CONTINUE

IF(I-2) 83982981
A3 CALL EQST2

GO TO 53
82 CALL EOST1

GO TO 53
81 CALL EOST3

JMIN*INTER( I)+1
JMAXw!NTER(I+1)

530 240 J*JMINoJMAX
JMNHA wJ-1
TSIGS tJPN'HA )OCSQ(JMNHA )/(X(JPNPLUS )-X(J-19NPLUS ))**2
PPLUS (JMNHA )NP(JN4NHA oNPLUS )40(J.%NHA *N*PLHA)
DLAMDCJiv.NHA )uCQSQX(I )/2.*(V(J.iNHAN)-V(JMNHA.NPLUS))/
1(V(J4NHA oN)+V(J'"NHA *NPLUS )
IF(OLAMD(JMNHA)-DLAMA) 6009600P601

600 DLAMAUDLAMA
GO TO 620

601 DLAMAwDLAMD (JNINHA')
620 IF(TSIGS(JMNHA)-*SIGMA) 700.700.701
700 SIGMAuSIGMA

GO TO 720
701 SIGYAwTSIGS(JMNHA)
720 IF(CSOMA-CSQ(JNINHA)) 800.800.801
000 CSQmAxCSO(JMNHA)

GO TO 240
801 CSQMAmCSQ4A
240 DTSO(JMNHA )n.1111111/TSIGS fJMNHA)
245 CONTINUE

!F(XSTOP-X(JLASToNPLUS)) 340.340.246
340 IQUITa1

CALL SORT!
246 RETURN

FND



~I I$IPFTC RFToU:R OI ST
bLShWcU I ISIE LFTC"V
C0"~ AE3,AKECSOVADLA\ADTLASDU,ENSUE(SUM.,EPNOLuM,

V. T

Ii 1IF(200,2),E\'T(3) ,EKIcJ(3)F2092),HALFM(2 i0),HALFR(3) .!NILK(4).
2?.ZONEC3),P(?00,2),PPLUS(200),QC(2.02),R0ZERC3),THETA(200)o
3TWINl -S (2 )(2 0C0 2 ) USC( 200) 9V (200 t2)9X (200 92)
JLASYI %TER (3)
DTLA.i --(T\"INC!PLHA
5S1GV a s1.S I GNA
IF(SIG41i -9. *T-INS (A4PLHA ))270#2709250

250~ IF(DLAVA --08 ) 255.2709270
255 IFCSIG'! -16o *PvJNS (NJPLHA 1)26592609260
260 IF(DMA:A -.05 ) 270,270265
265 TMINS C",PL3H )uTM INS (NPLHA

60OTO 285
270 lF(rDLA'NA-*0l5) 275P2759280
275 T-MINS (NPL3H )*SIGMI /4.

6O TO 285
280 IF(SIGmI/16@ -.005l84*TMINS'jPI NA)/DLAVsA**2) 400.400.401
400 TVINSONOL3H)NSIG-1/16o

GO TO 285
401 rvlI(P3)*014TIS PH)DA'A*
285 IF(SQRT(TmlI!S(tDOL3H))-1.4*DTYIN\(NPLHA)) 5009500.501:1 500 fTNIN(?PL3H)sS0RT(TmI~JS(NPL3H))

GO TO 293
501 fT"'IN(CJPL3H)ml*4*DTM!N(NPLH4A)
290 DTMIN(NJI)m(DTNIoN(\PL3H )+DTt/V0 i(NPLHA 1)/2*

NPuNPLUS
NJPLUS ON
NPLHA *tMPLUS

NMNHA ON
MiPL3i4 ON
FINSU .0.
ESUMsoo
EKSU~iu0s
lJSO(1 )mU(1#N)**2
DO 300 1*lgIMAX
EINT(I .0.
EIN(! .0.
IFiI*EQ.1.ANDo.NZ0NE(1)*EQ.0) GO TO 30
JMINmINTER (1)
JMAXwlNTERt (1+1)-i
00 295 JNJMIN,,JMAX
JPLWA *J
IUSQ(J+1 ).U(J+lN )**2
EINT(I)PEINT(I)+E(JPLHA PN~) *HALFMJPLHA )/HALP(I

295 EKIN(I)uCUS0(J)+USQ(J,1,)*MALFM1(JPLHA I EKIN(I)
FKIN(I )s*5*EKIN( I
EINSU wEINSu +EII4T(l)
EKSUMsEKSUM+EKIN C I

300 CONTINUE
EKSUMsEKSU.M+*S*E,\PRC *U(CJLAST eN I*
ESUMOEINSJ *EKSUM



IF(NCYCL-N1) 12093249324
324 IF(NOUTP-N2) 120.327.327
327 NOUTPmO

CALL SORT!
120 RETURN

END



SIPFTC OUTPUT N~OLIST
SUJBROUT!INE 501TI
Dl' FNSIC.1 Z'IASS(200)
CQVVON AREAl ,fRAKECSQMADLAMADTLASDUOEiNSUEKSU*-,EIPROESU~vi,

2NPL3HNPLHANPLUSPIN3,PINITRADIUSHPRS!G~iAXAR1XSTPZI,7EXP,
3T
COM'MON AREA(2OO,2),BURNE(2)CJSQXC3),CS4(C2()),(TMN(3),DTSQ(2OO),
1 ( 200 .2) eEINTC 3) ,EKIN( 3) ,F( 200 2) HALF'v( 20U) ,HALFI<( 3) ,U'14TER(4)o
2?NZONE(3),P(200,2),PPLUS(20O),Q(2O002),ROZER(3),THETA(200),:1 3T-mIlh L2-) LI L2.Q. .2_) -. LHAD 20 Q I &V 12f'La2 1# 12O(W s.24
I MAX .3
JLASTaINTER( IAX)
JLAS1 uJLAST-1
JLAS3u INTER C WVAX+1)
JLAS2xJI.AS3-1

421 FORMAT U1IH.Q
1 FORMATC1Hl)
2 FORMATC3X#115HJ X(JoN) U(JoN-1/2) V(J+1/29l4) P(J+1/29i~
1) 0(J+1/2t4-l/2) E(J+1/2tN) AREA(JON) DTSQ(1/2tl/2) DM(J*1/2))
3 F0R!MAT(3X#111H C.1ACv/.'/ILLISEC CC/CCQ -BARS
1 BARS BARS-CC/G MILLISECSO GRAMS)

4 EOAFikTtIA.t 6E1I.5~o2E1ll So1.ahA
6 FORMATC 15t 3E15*5)

FORMAT'3X.116HJ XCJoN.) U(JetN--2) V (J+,/2 vN) P-(J+1/2#N
1) 0(J+1/?#N-1/2) E(J+1/29N) AREA(J.N) DTSGOU/2917/2)- TEMPR. )

P FORMAT(3Xo111H CM, CM/MILLISEC CC/cco BARS
1 BARS BARS-CC/G -4ILLISECtQ-_ (DEdk)-

12 FORMAT(47H C.YCLEf T fl TOTAL El
ILIMI ftIMAX
WRITE (6.1)
WRITE(6912)
WRITE(6o6) NCYCL *T*DTLAS oESUM
WRITEC69421)
IFP(NCYCLU 5161-1,a~

53 DO 57 JPLHA*1.JLAS2
57 ZMiASS (4PLHA ) 2.**HALFM CJRLHA)

WRITE (6.2)
WR IT E(6.3)
WRITE (6,421)
DO 6.04JLu1.lt.LAS2
IF(L-INTER(3)) 601t6039602

601 IF(L-INTER(2)) 6029603.602
602 WRITE(694) LX(LN),U(LNMNHA),V(L.4).PPLUSIL)Q(LNMNW4A).

IE(LN) .AREA(L.N) .DTSQ(L) .ZMASS(L)
GO TO 604

603 IF (L*FG*IN~TER PI -AND* NZ0NE.L1J.#E1Qs0) W T0 6-02
I WRITE C6.421)

WRITE(694) LgXtLoN)*U(LPNMNHA )s.(LstI).PPLUS (L),#QCLsNMIA )I 1ECL.N) .AREA(L.N) .DTSQ(L) .ZMASS(L)
604 CONTBNUE
4.1 FORMAT(149 2E13e5t74X#E13o5)

WRDTE16,41L-JLASTX(JLAAT.N) .uLJLA TNM8HAJ±EMR2RO
GO TO 71

64 IF(BRAKE-1.) 80981,81
AdO L2mJLAS1

GO TO 65



81I1'LS~
DO 82 JmJL19JLAS3

:1 JMNHAwJ-1
APlNo2o*P!N3/7509
IF(PPLUS(JMNHA)-APIN) 83.83.82

83 L~mJ
GO TO 65

82 COM4INUE
65 WRITE(697)

4R ITE (698)
WR!TE(69421).1 flO 704 Lwl#L2
rIMI mIMAX
DO 702 Mvl'.IUMI
IF(L-INTER(IL)) 70297039702

702 CONTINUE
705 WRITE(6#4) LX(LN),U(LNNINHA),V(LN),PPLUS(L),Q(LNMNHA)#

JE(LtN) 9AREA(L#NJ oDTSQA(L) oTHETA-LJ
GO TO 704

703 1FLtLk&EA2..ANDa-.ZONE(l.) .EO.O.I GO TO 705
WRITE(69421)
WRITELt6,o.) LiXA(LiN),U(LNMNH4A),V(L.N) ,PRLUS(L).QtL.NMNHA).
1F(LN) ,AREA(LN-) DTSQ(L) ,THETA(L)

704 CC4ITNUE
WRITE(694) JLASTX(JLAST#N),U(JLASTNMNHA)

-71 CORT-IRUE
RETUIrN
F±&D



$ IBFTC ETAT1 NOLIST
SUBRUTINE EOSTI

LI CO 'YON AREA1 ,LRAKECSQMA,0LANIADTLASI)UOEINSUEKSLJ.MEMPRO.ESUM.-I
Ij I I,MAX PIOUI T JLAST #No NI9N2 9NBARI oNSAR2 9NCYCL vNMJHAt~N NUTP9

PPL3H 9NPLHA sNPLUS P I-3 PL T RADLIA.SHPR 9S-MA *)(AR 1XSQp 47iF v a
3T
COY40IN AREA(20O,2),BURNEC2),CUSQX(3),CSQ(20O),DTM1UN(3),DTSQC2OQ),
1E(20092),EINT(3),Ei\I1(3)F(2002)HALFM(200),HALFR(3),INTERC4).
2N70!N~E32P(2O02PPLUS(200),(2oOZ),ROZER(3)tTHETA(2O0)v
3T INSC2),L)?OO)US(2O0)oV(20O,2),X(2U,2)I. I2

JmAXmINTERC 1+1)

JMAX 1 RJRNAX-1
IF(BURNE (1)) 1910#1

IF(NCYCL) 5009500.501
500 JMAX2xJNAXlm1

GO TO 502
501 JMYAX2aJM'AX1
50? D0 66 JMJHAaJMIN1J.AAX2

F(Jl'NHA 91"IPLUS )u(ljL-V.MNHA oNPLLS .))/(1*-&541
IF(F(JmNHANPLU~.S-00112t393

2 F(JmNHA *N'PLUS )-0s
3 IF(F(J'4NHA 9MPLUS )-le) 4.6.5
4 IF(F(J~iNHA PNPLUS )mF(JM.NHA 9%)) 59696
5 FCJMNHA *9iPLUS amlo

6 IF(F(J'YNHANPLUS)-FMIN) 300,300.301
'100 FMIi4.F(JNHA9 :PLUS)

GO TO 66
301 FINxF*'"IN
66 CONTINUE

JF(F'AIN-1e) 10.97.7
7 DO 8 JWNJHA *J',Ih~,'lJMAX1
A FCJY~NHA *'NJu1.

F(JMAX19N)wlo
F J"AX19PMPLOIS le
PUR\'E (Imxo.

10 00O 200 JMIU"4A aJ"'IN1,JMAX1
FlwCECJ 'IHA 9i)(PJt ~A,%'I+QCJM-4HA o.N2.LJk~A )

1(VCJ'I/','A 9NPLUS )mV(J.%INHA 9N))) )*30O01/ROZER (1)
%fEv(JVNHA ,'"PLUS )/ROZER (1)
IF(F(JWV\HA ,NPLUS )-1.0I 91999v

4 GO TO 101
9q PlsP(J.MNHA tN)*.OflOI

101 P1VEnD1*VF
IF(P1VE-1#0465) 11.11912

11 ALPHA83.E)
PALFO x0.fl
PALFV u0so
6.) TO) 15

13 ALPIHAz(6)0*PV-9000
0"ALFn) w86,000*VE
DALFV =8600*0*P1



61 0-T01
14 ALPHAu2l*0En3

DAL.PV uO
15- IP1VE2=PIVC**2

P) l'FmP.1vE2**2
PlVE5aPlVE4*PIVE
PRACjxlj40*0+P1VE4
F A~*OF-3AO( (P/*1E0))-2325E'-03
EFU6.57*PlVE:+974.o*PIVF2/BRACl-ALPHA*BRAC2-El
EP'RV '*~ 57*VL+1948.O*VE**2*Pl/FRACV-36s9690*VE*PIVE5/BRACI**2
1-DALEO *SRAAa-ALPHA*&1.1E-Q.3 IPl

IF(A8S(PEW-Pj)-o000jU 17917,16

GO TO 101
17 E(J'-NHA ,I"PLUS )aElm(*5*(P1*10000#*FCJYNHA .i\PLUS )-P(JV'NHA 9N))*

1(JV UMNHA 9NJPLUS J-VIXMHA *)1.VftRZ L13
171 PlVEarll*VE

Plvt2-P1VE**2
PlVE4=PlVE2**?
-6lVE5ZP1VE4*P1VE
IF(P1VF-1*0465) 18918919

18 ALPD -0.0

DALFV'*0.3
GO TO 2?

19-IF,(P1VE-3.4S8) 20920921
?0 ALPHA8603.**PlVE-9000o0

!ALFD in86Qfl.IM*E
f)AL.FV -8600.00*1
G06To 22

21 A--LPHA-21.0E03a01
'(ALFV &*0

22 5RSC.1U40.Q±+PIVE4
'AAC2z.101E-03*ALOG(ARS(P)1/1.O13E-03) )-.2325E-O3
EFa657*PVE+9740*PVE2/BRAC-ALPHA*BRAC2-EC.NHA oiNPLUSr FPRI'A a6.57*VE+4948.0*VE**2*P11/BRAC1-3896.*VE*PlVE5/BRACI**2
-! ALFD *PSRAC2-ALPHA*. 1O1E-03/P1r PN.EltP 1-FF/FPR IN'1
41F(ASSP0'EWP)t-.0001) 2492A-923

GO TO 171
24 FCJVN4HA vNPLUS IuE(JY*NHA 9'IPLUS )*1.oEo4*ROZER (1)

0,(JvNiHA ,0PLUS )sPl*1.0EU4*FCX/NlHA oNPLUS)L!S nfP -E PR I

IF(F(JY.AiHA *NPLUS )MC292019202

201 CS0(Ji-IHA al *0

20? CS0(JWJ.HA )u(V(JMiNHA 9NPLUS )/ROZER (1))**2*(P1+DEDV)/DEDP*1EO4~
200 fkT(MH)PJNA.'.LS*(.H*PU)L~ *JROZEgLU *3.2*

RETURN
END



$Ic!FTC ETAT2 NOLIST
SUBROUTINJE EOST2
C0"',O0" AR~EA 1 PRAKE 9CSOY-A DLAIA DTLAS *DU,E NSU EKSUM EmPFRO EsuMi

lF(20 .2) .EINT(3) .EKI.N(3) oFf200.2) ,HALFMICZ0) HALFR(C3) .JNTERt4)9
2"'ZOE(3)PCOO,2).PPLUSt200),Qt2Ot2),ROZER(3),THETA(200),I 3TMP",SC2),LJ(2Oto,2),USO(20O),/(2O002),X(200,2)

J%, Na I NTFQ ( I )+
JMAXxINTER( +1)

JYXsJvAX-1
[I IFCPR%'F (N) 191091

D0 66J"' HA uJ'IN1,JMAX1

2F(JN'.\HA *!NPLUS uleo

DO 8 (FJvl.,A 9MJU )-le) 49695

5 (J-WJHA 9N'PLS )al
16 0 0 IFF J"N~vP .4' IF,1AX1)30#0

300WZE CT/VJMv INLU N 3 JIA#, S
GO TO 66*

301 NEX 1,-a./RHO)

A vCJWW HA #N')uS CJorA ~

701 N ($ (I~)al.
10 o 200 NA XI19M1

202tS(JNfHA 03 C'*P CJE%!HA ,OPLU (1.r0/H2~An ~w)~
200 RZE (1/(NNA#PU

rEXPTuEX -s/H
20 An D026*H2-H2205*X



SIPFTC ETAT3 NOLIST
SUBROUTINE EGST3
REAL MUtMUOW11I2
COMMON AREAiBRAKEOCSOM'ADLANADTLASUUOEINSUESUtEMiPROESU.,
iI.!1MAXIQUITJLASTNNiN2NRARINBAR2,NCYCLsMNHAN!,NOUTP,

3T
COMMON AREA(20C,2),BURNE(2),CQSQX(3),CSQ(20O),oTMI4Nf3),oTSQ(20U),

2MjZONE(3),P( 200 .2) .PPLUS (200) 0( 200 .2) .ROZER (3) ,THETAC 20)o
3TMINS(t2) .U(200.2) .USO(200) .V(20092) .X(200.2)

JM1NnINTER( I)+l
JN AXaINTER( 1+1)
JMI iSJM? N-i

P9O 4MO JMNMAuJMlt4iJMYAXi

E'!T,-V, J NHA N) - ( P(JY0**AJ E I. L JV 4 Ai 2 Il ) * V

P1604JMNHAN)/1. 01375
HET-.i''aROZER(3')/(VJNINHAN'PLuS)*i.293r-03)

ifF0i/ETA

- Y41.io/Zi
A'' (2.oi94S684*Y+3.O) /(4.77897369*Y,.0)
ibpirwa1* 5 79473 -4*77e97369*Y,1.o)**2

Bm Ol:*Y(i.-Y)/(300,.;v*210
DBDYS~i.*(40 .o0*Y)/(3000o.0*Y4*2+10G)

zc2 .*Y(.-)/09E+05*Y**2+io0Y
DCDY!u25360*(0 "'2 o*iY)/i0.9E+05*Y**2+1s0,
iO46C48E*09*Y**2' (1. 0-Y ) / (3. 9E+05*Y**..1 .0) **2
-0-O. 4iE+O5*(i0-Y)*Y/ (O.12E+08*Y**2,i.0)

D -fiaO4 1E +05*ti.m2o0*Y)/(0o12E,08*Y**2+1o0,
-984E..1O*Yj**2!t(lA0-Y LO t .+0 8fY**Lf )**2

'.D: ~ DUYDD. Y+L-CDY.DDv
* ' U2aA660.*Y+4.O)/Cif00.90*Y+i.0)

DM-U2 Ya2002.0/t(i0')0O*Y+190)**2
-MUuM~U0+O.09*(v/U0i-YU2) *PSI

fl l* 0+.0 s09*PS IOIUCynfl.J"*PI*D&rU2aY
-EFaO.02'0*Zl*(MU-i .0)-El
A RI M80 o20* 1MU-1 o ,Z I D,.,U)
z , W Zl-EF/EPRIM

IIARS(ZEW-Zll-#0O000i 393o2

GO TO I

4 Piin01375*HETA*Zi
- lElE-(0o5*( P-P UINHAt') (V (J.'*,%HA #NPLUS) V (pNHA CIMM ,196U*0

!4 OZERMJ)

-GO- T(P 1
5 -E.(JMP*$ANPLUS)u51960.0*ROZER( I)*E1

P(JNHANPLS~I *01375*HETA*Zi
5u485o0/(1OOO.C+Z)**2)+3860s0 /(7500e0+16*5*Z1)
THETA (JmNHA ) 273o2*Zi*S,

200 C5S1 JMNMA) al 40*P (JNlHA ,PLUS) *VJX4,*4Asl-PLUSJ /RQZE& (I) I

ENDj



iI

SUBROUTINE LIRE

This subroutine reads the necessary data to start the program. There are 12
input data cards.

- 1st card IMAX: has to be taken as 3 in the present version of
the program; no other choice is possible'I 2

- 2nd card AREAl: area of the barrel in cm 2

RADIU: radius of the barrel in cm.

XSTOP: length at which the program is to be stopped.

- 3rd card EKPRO: mass of the projectile in g.

- 4th card ZMEXP: mass of explosive in g.

- 5th card PINIT: initial pressure of the gas mixture in PSIA

- 6th card SHPR : pressure at which the diaphragm bursts in bars.

- 7th card PIN3 : initial pressure in the barrel in Torr.

- 8th card INZONE(l): number of zones in region I (I = 1 and 2 ).

- 9th card XBARI: length of the barrel divided in NBARI zones.

-10th card NBARI: numrber of zones in the first part of the barrel.

NBAR2: number of zones in the remaining part of the barrel.

-11th card NI: cycle number of the first output.

N2: cycle interval between two outputs.

-12th card DUO: if DUO < 0, program is to exit after completion,
if DUO > 0 a7nother run is to be done

Set of sample data.



MAIN PROGRAM

OurRiT INITIAL CONDITIONS

CALL DEPOT

No BRAKE> Ye

80 O 
e

N SHPRF Ye



SUIBROUINE DEPOT

~1 The initial conditions for the problem are set up in this subroutine

CONSTANTS FOR
THE PROBLEM,

IVolume of explosive =VEXCP x f

jCExp = (RADIu)3 - v~xp 3

VV

HAF I

I C rCLTO YeTTA

INITIAI VALUE FOR



SUBROUTINE GUTS

This subroutine calculates new variables for each time step

START

T
NCYCL

IDO 230 J =JNIN JMAX

CALCULATION OF THEASE

CALCULATION OF AREAS4

_________________________ OF___V__05=7_



I I

1SUBROUTINE LTOV

New time steps are determined and total energy is calculated

START

CAICULATION OF NEW TIME STEPS
_TMIN(NPLSH) and DTMIN (INN)

NP, NPLUS, NPLHA, N, NMNHA, NIFL3H
for the next cycle

ICALCULATION OF TOTAL ENERGY

NO 
Yes-e

No 

Yes

NCYCL > N1

Nf 3327

CALL SORTI|

120 ETURN



SUBR0U1INE SORTI

This subroutine provides printed output when print-out cycle is reached.

START

OPYAT STAT
WRITE ECYCL, T, DTLAS, 7E73

No I CL0 YesNCYC > 06453No Yes
Calculation of the masses BRAKE > 1.0>
Of the =as poit 81 8

Determination of the last zone 1 the zones i
Skip-one line between eac to be printed he chamb~er are
region rinted

KifSkip one line betweun
Ieah region

71

____________________________ ______________________



SUBROUTINE EQ.ST1

Equation of' state f'or gas mixture 2H 4+ O(see Sec. 2.3.1)2 2

I I f" *BURNE(I)::O>-
CALCULATION OF N+

N+l Nlf- 0.iiIF Fi .0 -4 * 0
2 ~ N+J.

JIF FNI > 1.0 or FN+} decreasing -+1.

T- I

pN+1+

CALCULATION OF THE N SPEED



SUBROTINE MQT2

Equation of state for explosive (see Sec.2.3.2)

CAL~CULATION OF Fi.
N+l N+l 2j F J -1 <.001 -+F0.

_ 1. or NI-1 N+l 1.
IF __. . o jj decireasing -F~ .

ACAT ION OF FMIN min (F~j

No FNIN <,1 0 Yes

.N 1 .10 ____________

BURNE- (I)= -0.0

-10 DO 200 JMNHA = JI4INI JNAX

EI
P1 =P(EIjV)

_ _ _ _ _ _ _ _ _ E wNI!

LOOP

2~I

CACUATO OF SOUND___________ j



FSUBROUrINE ST

Equation of state for air (see Sec. 2.3.3)

I [DO 200 JMNHA JMvINI JMAXI

El2 , M21

EA

ziA

LOOPI

URN0/z

ABD


